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A Chlamydia trachomatis VD1-MOMP vaccine elicits
cross-neutralizing and protective antibodies against
C/C-related complex serovars
Anja Weinreich Olsen1✉, Ida Rosenkrands1, Martin J. Holland 2, Peter Andersen1,3 and Frank Follmann 1

Ocular and urogenital infections with Chlamydia trachomatis (C.t.) are caused by a range of different serovars. The first C.t. vaccine in
clinical development (CTH522/CAF®01) induced neutralizing antibodies directed to the variable domain 4 (VD4) region of major outer
membrane protein (MOMP), covering predominantly B and intermediate groups of serovars. The VD1 region of MOMP contains
neutralizing B-cell epitopes targeting serovars of the C and C-related complex. Using an immuno-repeat strategy, we extended the VD1
region of SvA and SvJ to include surrounding conserved segments, extVD1A and extVD1J, and repeated this region four times. The
extVD1A*4 was most immunogenic with broad cross-surface and neutralizing reactivity against representative members of the C and
C-related complex serovars. Importantly, in vitro results for extVD1A*4 translated into in vivo biological effects, demonstrated by in vivo
neutralization of SvA and protection/cross-protection against intravaginal challenge with both SvA and the heterologous SvIa strain.
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INTRODUCTION
C.t. infections cause several human diseases, including trachoma,
the leading cause of blindness as a result of infection, and a
spectrum of diseases caused by sexually transmitted infections,
among them infertility, ectopic pregnancy, and chronic pelvic pain.
The infections are caused by a range of serovars separated into 2
major and 2 minor complexes. The serovars of the B complex
include B/Ba, D/Da, E, F, L1 and L2, the C complex includes serovars
A, C, H, I/Ia, J/Ja, and the two intermediate groups of serovars
include F and G/Ga (B-related) and K and L3 (C-related). Serovars
A–C, Ba are major causes of trachoma, D–K, Da, Ia, Ja are linked to
genital sexually transmitted diseases (STDs), and L1–L3 are
commonly associated with lymphogranuloma venereum1,2. Vaccine
development is ongoing and the ultimate goal is to design vaccines
that cover all or the most prevalent serovars.
A Chlamydia vaccine, based on neutralizing B-cell epitopes, has

been developed in our laboratory with the ability to promote both
broadly neutralizing antibodies and high levels of T-cell immunity3.
The importance of broad serovar coverage became evident in early
clinical trials with whole-cell vaccines in both humans and nonhuman
primates (NHP). Human volunteers experimentally infected with
ocular C.t. were protected against rechallenge with a homologous but
not against a heterologous serovar4–6. NHP vaccination with whole-
cell vaccines, NHP studies using sera from ocular infections, and
toxicity studies in mice all demonstrated that antibody specificities for
different serovars correlated with protection/neutralization against
the homologous serovar, but with little cross-reactivity7–9.
The main target of surface binding and neutralizing antibodies is

the major outer membrane protein (MOMP). MOMP is a
transmembrane protein consisting of five constant domains and
four surface-exposed variable domains (VDs)10,11. Serotype specifi-
city is determined by the ompA gene, coding for MOMP, and is
located within the four surface-exposed VDs, explaining serological
reactivity12–14. MOMP is due to its abundance (60% of protein mass)
in the outer membrane of the chlamydial elementary body (EB)15,

an important vaccine target, and has been extensively studied as a
vaccine antigen in both its native form (nMOMP)16–20 and as
recombinant expressed versions (rMOMP)21–24. Superior protection
of nMOMP has been attributed to strong conformational neutraliz-
ing epitopes, which can be difficult to obtain with a recombinantly
expressed protein20. However, the development of a broadly
protective nMOMP vaccine is challenging due to the nature of C.t.
as an intracellular bacterium and the complicated β-barrel
transmembrane structure of MOMP11,15,25,26. To address these
concerns, our vaccine design strategy is based on selected VDs of
MOMP harboring known neutralizing B-cell epitopes.
Antibody responses against VDs during infection have been

mapped and characterized by monoclonal antibodies (MAbs)27–31.
Recognition and neutralization of C.t. were either serovar- or
serogroup-restricted, and no MOMP-specific MAb had the ability to
target or neutralize all serovars. Antibodies directed against the
highly conserved TTLNPTIAG sequence in the VD4 region13,14,31,32

neutralize B and intermediate groups of serovars14,31,32. We
previously developed a multivalent vaccine construct Hirep-1
(heterologous immuno-repeat-1), based on VD4s and their
surrounding conserved membrane anchors from the most prevalent
serovars D–F. To avoid unwanted folding by formation of disulfide
bridges, cysteines were exchanged with serines. This vaccine
construct demonstrated in vitro and in vivo neutralization and
protection against a vaginal challenge with both SvD and SvF3,33. A
CTH522 vaccine, built on the Hirep concept, has recently completed
clinical phase I trial with promising results34. Humans vaccinated
with CTH522 in combination with either the adjuvants CAF®01 or
aluminum hydroxide induced high titers of CTH522-specific
antibodies with the functional capacity to in vitro neutralize C.t.
and induced, in addition, significant levels of CTH522- specific
T cells. Neutralizing antibodies from this vaccine has the potential to
target the B complex and the intermediate groups of serovars (SvD,
E, F, G, K, B, L1, L2, L3), and to a lesser degree the C complex serovars
(A, C, H, I, J), indicating different accessibility of this conserved region
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on the surface of different serovars14,35. For C and C-related complex
serovars, MAbs directed against the VD1 region have been
demonstrated to be effective. Compared to the VD4 region, the
VD1 region has a higher degree of serovar-restricted recognition
and no VD1-specific MAb has been identified with the ability to
target all C/C-related complex serovars29–31,35.
Here, we explore the development of a vaccine construct based

on the VD1 region and designed to target ocular and genital
serovars from C complex serovars. Using our Hirep vaccine design,
we produced immuno-repeats of extended regions of VD1 from
SvA and SvJ/C, each comprising VD1 regions previously demon-
strated to hold neutralizing B-cell epitopes and representing both
ocular and genital strains. We compared the immunogenicity and
neutralizing activity of the constructs and demonstrated strong
cross-neutralizing potential with the VD1 construct from SvA. We
finally demonstrated significant protection of extVD1A*4/CAF®01-
vaccinated mice against a vaginal challenge with C.t. SvA and SvIa,
and we demonstrated a protective role of extVD1A*4-specific
antibodies in in vivo neutralization experiments challenging mice
with C.t. SvA pretreated with sera from vaccinated animals.

RESULTS
Immunogenicity and neutralizing activity of extended VD1
constructs from SvA and SvJ
With the purpose of generating high titers of functional antibodies
against the VD1 region of SvA and SvJ/C, we compared the
immunogenicity of different constructs covering the VD1 regions of
those serovars. Su et al. previously demonstrated that the VD1
region from C.t. SvA was nonimmunogenic in A/J mice and a
chimeric peptide composed of a colinear synthesis of the SvA T-cell
epitope A8, and the VD1 region was necessary for induction of a
VD1-specific antibody response36. We used another approach and
instead of introducing a T-cell epitope from a distant part of MOMP,
we analyzed the effect on the immunogenicity of the VD1 region
when extending the VD1 region to cover the surrounding conserved
parts. This approach was previously applied to the VD4 region with
success3,33. Extended versions of the VD1 regions from C.t. SvA and
SvJ (extVD1A and extVD1J) were designed (Table 1). Initially, we
compared the immunogenicity of extVD1A with A8-VD1A and VD1A

(Supplementary Table 1 for sequences) in CAF01 adjuvant37,38. After
vaccination, the mice were bled and plasma or sera were tested for
IgG reactivity against the VD1A region, the extVD1A region, against
intact C.t. SvA/HAR-13 and in a neutralization assay, and we found
extVD1A to be significantly more immunogenic than A8-VD1A and
VD1A alone (Supplementary Fig. 1).
Since extending the VD1 region to cover the surrounding

conserved parts increased immunogenicity compared to A8-VD1A,
we continued by designing a recombinant protein based on four
repeats of the extVD1A sequence (extVD1A*4, Table 1), in order to
investigate, if we could further enhance the immune response

compared to the monomer as previously published with the extVD4
regions3. We further produced an immuno-repeat of extVD1J

(extVD1J*4, Table 1). The immunogenicity of the two immuno-
repeat constructs was compared to their respective monomers
(extVD1A and extVD1J, Table 1). A/J mice were immunized with
10 µg of the individual constructs in CAF01. After vaccination, the
mice were bled and plasma or sera were tested for IgG reactivity
against the extVD1 regions (Fig. 1a, d), against intact C.t. (Fig. 1b, e)
and for functional antibody activity by an in vitro neutralization
assay (Fig. 1c, f). The immuno-repeat constructs induced a more
than 10 times stronger IgG response compared to the monomers
(Fig. 1a, b and Fig. 1d, e)—an IgG response composed of both IgG1
and IgG2a/IgG2b (Supplementary Fig. 2). The IgG response
correlated with enhanced ability to neutralize the homologous
serovar (Fig. 1c, f). In particular, the SvA immuno-repeat construct
induced a very potent neutralizing antibody response with a
reciprocal 50% neutralization titer (NT50) > 10,000. In comparison,
the extVD1J*4-specific serum had a weaker ability to neutralize C.t.
SvJ and a reciprocal NT50 titer of around 300 was detected.

Specificity of the antibody and T-cell responses
For a vaccine to be broadly effective against a range of serovars, it
is paramount that B- and T-cell epitopes are located in either
conserved regions or that essential binding motifs are conserved
among several serovars. To map the region(s) responsible for
the neutralization observed after vaccination and to investigate
the localization of the T-cell epitopes, we next investigated the
specificity of both the B- and T-cell responses using overlapping
peptides. Antibody responses were analyzed using 9-mer peptides
with 8aa overlap spanning the whole extVD1A and extVD1J

regions (Fig. 2a, d). A number of B-cell epitope regions, both
within the conserved and specific parts of the constructs, were
identified. The extVD1A*4 construct induced a response to the
previously identified C.t. SvA -neutralizing epitope DVAGLEKD
(VD1Aminimal) located in VD1A 31,36 (Fig. 2a). However, strong
antibody responses were also found against three conserved
segments C1–C3 (C1: MRMGYYGDFVFDRVLK, C2: VNKEFQMGAAPT,
C3: NVARPNPAYGKHM) (Fig. 2a). Likewise, the extVD1J construct
induced antibody responses against the variable region (VD1J) and
the same three conserved segments C1–C3 (Fig. 2d). In contrast to
the narrow recognition pattern of VD1A, the response to the
variable VD1J region was not as well-defined and seemed to cover
the entire VD1J region (AAPTTSDVAGLQNDPTTNVARP).
To identify which region(s) were targeted by neutralizing

antibodies, we designed peptides representing the conserved
(C1–C3), the minimal VD1A epitope DVAGLEKD (VD1A minimal*4),
the minimal VD1J epitope DVAGLQND (VD1J minimal*4), the whole
VD1J region AAPTTSDVAGLQNDPTTNVARP (VD1J), and the extVD1A

and extVD1J as positive controls. We performed a competitive
inhibition of neutralization assay incubating the serum with and
without a high concentration of the individual peptides before

Table 1. Sequences of VD1 based vaccine constructs.

CS conserved segments, VD1 variable domain 1.
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incubation with C.t. SvA or SvJ. We demonstrated that the
sequence/region responsible for generating the major part of the
neutralizing antibody response after vaccination, for both con-
structs, was located in the variable regions (Fig. 2b, e). With the
extVD1A*4-specific serum, the neutralizing ability was completely
inhibited when incubating the serum with the extVD1A peptide

and approximately 80% of the ability to neutralize was abrogated
when incubating with the minimal VD1A (DVAGLEKD) peptide
(Fig. 2b). With the extVD1J*4-specific serum, complete inhibition of
neutralization was seen when incubating the serum with the whole
extVD1J*4 sequence. Incubating with the minimal VD1J epitope
representing DVAGLQND31 reduced the ability to neutralize SvJ by

Fig. 1 Immunogenicity of monomers (extVD1) and homologous immuno-repeats (extVD1*4). Plasma samples (n= 5–6) were isolated
1 week post third subcutaneous (s.c.) vaccination of A/J mice with 10 µg of extVD1A, extVD1J, extVD1A*4, or extVD1J*4 emulsified in CAF01,
serially diluted and added to extVD1A (a), extVD1J (d), intact C.t. SvA/HAR-13 (b), or intact C.t. SvJ (e) coated plates, and antigen-specific IgG
was analyzed by ELISA. Each dot represents the median OD value with 25th and 75th percentiles at each titration step. In vitro neutralization
of C.t. SvA/HAR-13 (c) and C.t. SvJ (f). Sera isolated 3 weeks post third vaccination were pooled for each group (n= 5–6), titrated, mixed with a
fixed concentration of bacteria, inoculated onto a HaK cell monolayer, fixed, and inclusions counted. The dotted line indicates the reciprocal
NT50 titer. The individual experiments were repeated twice with similar results.

Fig. 2 Fine specificity of antibody and T-cell responses after extVD1A*4 and extVD1J*4 vaccination. A/J mice were immunized 3 times s.c. with
either 10 µg of extVD1A*4/CAF01 or extVD1J*4/CAF01. Three weeks after the last vaccination, sera from immunized mice were pooled (n= 5–6),
diluted 1:200, and the fine specificity of the IgG antibody responses was studied using a panel of biotinylated overlapping peptides (9-mers with
8 amino acid overlap) representing the extVD1 regions from SvA (a) and SvJ (d). Each bar represents the mean OD value of two determinations.
Competitive peptide inhibition of in vitro neutralization of C.t. SvA and SvJ with peptides representing the four identified B-cell epitope regions in
extVD1A (b) and extVD1J (e), respectively. Spleen cells were used to investigate the specific IFN-γ responses using panels of 20–22-mer peptides
with 10 amino acid overlap (Supplementary Table 2) spanning extVD1A (c) and extVD1J (f) regions. Cells from 6 mice/group were pooled and
tested in triplicates. Each bar represents mean ± SEM. The individual experiment was repeated 2–3 times with similar results.
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70%, demonstrating a main role of this region. However, inhibiting
with a longer peptide spanning the complete VD1J region
AAPTTSDVAGLQNDPTTNVARP, a complete reduction in the neu-
tralizing ability was detected, demonstrating that residues outside
the minimal epitope also play a role in the neutralization of SvJ
(Fig. 2e).
The specificity of the T-cell response was analyzed by

measuring the in vitro stimulatory properties of overlapping
20–22-mer peptides covering the extVD1 regions of MOMP from
C.t. SvA and SvJ (corresponding to MOMP P4 to MOMP P8,
Supplementary Table 2) on splenocytes from vaccinated mice
(Fig. 2c, f). The dominant T-cell epitopes were mapped to different
regions in the two constructs. For the SvA construct, a dominant
T-cell epitope was located in the N-terminal highly conserved part
of the construct (MOMPA P4), whereas the T-cell epitope after
vaccination with the SvJ construct was located in MOMPJ

P8 spanning both variable and conserved regions.

Cross-neutralization of SvA and SvJ
Since a broad serovar coverage is important, we next investigated if
extVD1A*4-specific serum could cross-neutralize C.t. SvJ and vice
versa. ExtVD1A*4-specific serum cross-neutralized C.t. SvJ with a
reciprocal NT50 titer of around 3000 (Fig. 3a), a titer that was much
higher compared to the titer (NT50= 300) obtained with the
homologous extVD1J*4-specific serum (dotted curve inserted from
Fig. 2f). ExtVD1J*4-specific serum was likewise able to cross-
neutralize C.t. SvA with a reciprocal NT50 titer of 2000 (Fig. 3b).
This was, however, a much lower neutralization titer compared to
the NT50 titer of more than 10,000 obtained with the homologous
extVD1A*4-specific serum (dotted curve inserted from Fig. 2c). Since
extVD1A*4-specific serum was superior to extVD1J*4-generated
serum in all investigated aspects of the immune response, we
decided to further investigate the biological effects of extVD1A*4,
i.e., protective efficacy in a vaginal challenge model and the ability
to cross-bind and cross-neutralize other C.t. serovars.

In vivo effect of functional antibodies
To translate the in vitro activity of extVD1A*4-specific antibodies into
biological activity in vivo, we established a vaginal infection model
with C.t. SvA in mice. To investigate the in vivo protective efficacy of
extVD1A*4-specific immune responses, A/J mice were vaccinated
three times by the simultaneous (SIM) s.c. and i.n. routes (see
“Methods”). Four weeks after the last vaccination, the extVD1A*4-
specific IgG and IgA antibodies were measured in vaginal wash
samples. Statistically significant levels of both isotypes were

detected (Fig. 4a). Six weeks after the last vaccination, mice were
challenged intravaginally (i.vag) with 1 × 106 inclusion-forming units
(IFU) of C.t. SvA/HAR-13 and swabbed at consecutive time points
post challenge. Mice vaccinated with extVD1A*4/CAF01 had
significantly reduced chlamydial shedding at post infection day 3
(PID3), PID7, and PID10 (Fig. 4b) (**p < 0.01, at all three time points).
Total shedding of IFU from individual mice throughout the
infection period (PID3–PID17) in the two groups was compared by
measuring the area under the curve (AUC) (Fig. 4c). Significantly less
bacteria was shed in the extVD1A*4/CAF01-vaccinated group
compared to the control group (**p= 0.0012, Mann–Whitney test).
To investigate the functional role of antibodies in the initial

phase of infection, independently of an adaptive T-cell response,
we performed an in vivo neutralization experiment. Serum was
isolated from A/J mice s.c. vaccinated with extVD1A*4/CAF01 and
diluted 32 times when mixed with C.t. SvA/HAR-13. Since C3H/HeN
mice are considered to be more susceptible to C.t. compared to
other mouse strains39 and since the MHC haplotype of the mouse
is insignificant in this assay, naive C3H/HeN mice were challenged
with 10 µl of the mixture (1 × 106 IFU/mouse). Vaginal loads were
monitored at PID 3 and 7 (Fig. 4d). Serum from extVD1A*4/CAF01-
vaccinated mice significantly reduced the ability of C.t. to establish
a genital tract infection compared to control serum, at both day 3
and 7 post infection, indicating an important role of functional
antibodies in controlling infection.

Cross-recognition of the VD1 regions of C.t. with extVD1A*4-
specific serum
Since the VD1 region plays a dominant role in neutralization of both
SvA and SvJ (Fig. 2b, e), we investigated the ability of polyclonal
extVD1A*4-specific antibodies to recognize 20–22-mer peptides
representing the majority of the variable VD1 region of sequence-
related serovars (SvA/2497 (clinical isolate), C, H, I, Ia, J, and K) and of
more distant serovars (SvD, E, F, G, and B)13,14 (Fig. 5a, b). For
comparison and as a positive control, we included the corresponding
VD1 region from SvA/HAR-13. Strong cross-recognition of the VD1
regions of SvA/2497, C/J, I, and Ia was found, whereas weaker
recognition of the VD1 region of SvK and SvH and no recognition of
the VD1 region from SvD, E, F, G, and B was detected (Fig. 5b).

Cross-recognition/neutralization of C.t. serovars with
extVD1A*4-specific serum
The biological effect of antibodies against C.t. can roughly be
divided into neutralization of infectivity by direct blocking or by
facilitating effector functions via complement or effector cells40–43.

Fig. 3 Cross-neutralization of SvA and SvJ with extVD1J*4 and extVD1A*4-specific sera. A/J mice were immunized with either 10 µg of
extVD1A*4/CAF01 or extVD1J*4/CAF01. Sera were isolated 3 weeks post third s.c. vaccination and pooled for each group (n= 5–6), titrated,
mixed with a fixed concentration of either C.t. SvA or SvJ, and inoculated onto a HaK cell monolayer, fixed, and inclusions counted. Cross-
neutralization of C.t. SvJ with extVD1A*4-specific serum (a). For comparison, the homologous neutralization using extVD1J*4-specific serum is
depicted (dotted gray line). Cross-neutralization of C.t. SvA with extVD1J*4-specific serum (b). For comparison, the homologous neutralization
using extVD1A*4-specific serum is depicted (dotted gray line). Dotted black lines indicate the reciprocal 50% neutralization titers. The
individual experiments have been repeated with similar results.
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In both cases, a strong recognition of the bacterial surface is a
prerequisite for an effector function. Besides the VD1 region, three
conserved regions (C1–C3) were strongly recognized (Fig. 2a, d) and
could potentially be involved in the surface binding of some
serovars. We, therefore, measured the ability of extVD1A*4-specific
antibodies to recognize the bacterial surface of both C/C-related
serovars (SvA/2497, C, H, I, Ia, J, K) but also against B/B-related
serovars (SvB, D, E, F, and G) where the VD1 region was not
recognized. Pooled serum from extVD1A*4-vaccinated mice was
analyzed in triplicates in ELISA plates coated with EBs representing
the different serovars. ExtVD1A*4-specific serum strongly recognized
the surfaces of SvA/2497, C, I, Ia, J, and K with reciprocal serum titers
giving OD450–620= 0.5 ranging from 15,033 to 151,177. Much lower
recognition of SvB, D, E, and F (titers from 32 to 1031) and no
recognition of SvG and SvH were detected (Table 2). Except for SvK,
this correlated with the VD1 recognition (Fig. 5b). ExtVD1A*4-specific
serum pools from 2 to 4 experiments were further analyzed for
neutralizing ability. Strong reciprocal NT50 titers were demonstrated
against SvA/2497, C, I, Ia, J, and K ranging from 400 to 10,100,
whereas the serum had no neutralizing ability against SvH, B, D, E, F,
and G correlating with both weak surface recognition and no VD1
recognition of those serovars (Table 2, Fig. 5b).
To demonstrate that the ability of extVD1A*4-specific serum to

cross-target other serovars was related to the VD1 region, we
competitively inhibited the surface binding by incubating the
extVD1A*4- specific serum with and without a high concentration of
a 22-mer peptide representing the VD1 region of SvA/HAR-13
(VD1A/HAR-13 for sequence see Fig. 5a). To ensure that the inhibition
of the VD1-specific antibodies was complete in all used serum
concentrations, we measured the ability of the VD1A/HAR-13 blocked
serum to bind to VD1A/HAR-13 in an ELISA (Supplementary Fig. 3).
The VD1A/HAR-13 response was completely blocked since no VD1A/
HAR-13-specific antibodies were detected. Of significant impact, we
found a VD1-independent recognition of the surface of all tested
serovars, however, this was most pronounced for SvK (Fig. 6a). This
finding could explain the strong surface recognition and neutraliza-
tion of SvK, despite the lower recognition of the VD1 region, and
suggests that regions/amino acids outside the VD1 region are also
involved in the surface binding of SvK.
To investigate the impact of the VD1 and the VD1-independent

surface recognition on the ability to cross-neutralize, we performed
a competitive inhibition of neutralization assay, incubating
VD1A/HAR-13-blocked extVD1A*4-specific serum with the different
C.t. serovars (Fig. 6b). Incubation of the serum with the peptide led
to loss of the major part of the detected neutralization,
demonstrating that the VD1 region is responsible for most of the
observed cross-neutralization. However, for SvIa and SvK epitopes,
amino acid residues outside the VD1 region could play a role for
optimal binding of the neutralizing antibodies, since some level of
neutralization was still detectable after VD1A/HAR13 inhibition.

Heterologous protection of extVD1A*4/CAF01 against a SvIa
challenge
Following the demonstration of broad surface recognition and
neutralization generated by extVD1A*4, we finally investigated if
the cross-reactivity of extVD1A*4/CAF01-mediated immune
responses could be translated into an in vivo effect against a
heterologous serovar challenge. SvIa is a prevalent genital
serovar of the C complex44, and therefore we decided to
investigate if extVD1A*4/CAF01-vaccinated mice were protected
against an i.vag. SvIa challenge. A/J mice were vaccinated three
times by the SIM vaccination strategy. Six weeks after the last
vaccination, mice were challenged with 1 × 106 IFU of C.t. SvIa
and swabbed at PID3, 7, and 10 (Fig. 7). Mice vaccinated with
extVD1A*4/CAF01 had reduced levels of IFU at PID 3, which
reached a significant reduction at PID7 (***p < 0.001). At PID10,
no bacteria could be detected in vaccinated mice.

Fig. 4 Protective effect of extVD1A*4/CAF01 induced immune
responses. A/J mice were immunized with extVD1A*4/CAF01 or
CAF01 alone using the SIM vaccination protocol and the results
were pooled from two individual experiments (a–c). Vaginal wash
samples were collected from 20 individual mice/group by flushing
the vagina with 100 µl of sterile 1× PBS, diluted 15 times, and
extVD1A*4-specific IgG and IgA were measured by ELISA (a). Each
line indicates median level with 25th and 75th percentiles. A
Mann–Whitney test was used for comparison among groups ****p <
0.0001. ExtVD1A*4/CAF01 (n= 19) or CAF01 alone (n= 20) vacci-
nated mice were challenged i.vag. 6 weeks post last vaccination with
1 × 106 IFU/mouse of SvA/HAR-13 (b, c). Data are presented as
median log10 IFU with 25th and 75th percentiles recovered from
vaginal swabs at day 3, 7, 10, 14, and 17 post infection (PID) (b). A
Mann–Whitney test was used for comparison among groups. **p <
0.01 at PID3–PID10. Area under the curve (AUC) was calculated and
the results presented for individual mice (c). Each line represents the
median AUC with 25th and 75th percentiles. A Mann–Whitney test
was used for comparison among groups **p= 0.0012. In vivo
neutralization of SvA with extVD1A*4-specific serum (d). C.t. SvA was
incubated with heat-inactivated sera from vaccinated and control
mice before i.vag. infection (1 × 106 IFU/mouse) of C3H/HeN mice. In
vivo neutralization was assessed by C.t. culture at day 3 and 7 post
infection. ExtVD1A*4 serum, n= 10, control serum, n= 10, control
mice, n= 20. Data are presented as log10 IFU. Each line represents
the median number of IFU with 25th and 75th percentiles. Dunn’s
multiple-comparison test was used for comparison among groups.
*p < 0.05; **p < 0.01; ****p < 0.0001. The experiment was repeated
once with similar results.
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DISCUSSION
Chlamydia diseases continue to cause morbidity and there is a need
for a broadly protective vaccine covering circulating serovars. The
current study focused on developing a vaccine construct with the
ability to induce broadly neutralizing antibodies against C/C-related
complex serovars (SvA, C, H, I/Ia, J, and K). Exploiting our immuno-
repeat vaccine approach3,33,34, two novel vaccine constructs,
extVD1A*4 and extVD1J*4, were designed based on the VD1 region
of MOMP. Both constructs were highly immunogenic. ExtVD1A*4
induced broadly neutralizing antibodies against all tested members
of the C/C-related complex, except for SvH. This translated into
protective immunity in a mouse genital challenge model of both an
ocular (SvA) and a genital (SvIa) strain.
A broad serovar coverage of a Chlamydia vaccine is highly

preferable, as low serovar coverage could lead to serovar
emergence or replacement, as has been observed following
vaccination with the Pneumococcal vaccine (PCV-7). Here a steady

increase in pneumococcal disease caused by nonvaccine sero-
types was reported in some populations45. Although a vaccine
against the most prevalent sexually transmitted serovars world-
wide D–F46–49 would have a significant impact, demographical
differences have been reported44,50. Our CTH522 vaccine, which
has recently completed clinical phase I trial34, targets the
prevalent SvD, E, F, and G with surface-binding and -neutralizing
antibodies. With specificities against the VD4 region of MOMP, the
CTH522 vaccine can target the B and intermediate groups of
serovars, but to a lesser degree the C complex serovars. Therefore,
to increase the range of antibody protection against multiple
serovars, it would be beneficial to supplement the CTH522 vaccine
with constructs that induce VD-specific antibodies with broad C
complex serovar recognition.
Since neutralizing MAb antibodies against C/C-related complex

serovars have previously been mapped to epitopes in the VD1
region, we took the approach of focusing on the VD1 region of
SvA and SvJ/C and improved the immunogenicity of those by
extending the VD1 sequence to cover surrounding constant
domains (extVD1). We found that molecular repetition of the
immunogens further strengthened the immune response by
enhancing titers by more than one log10 against the protein itself
and the bacterial surface. These findings are in agreement with
similar studies done in our laboratory on the VD4 region3,
confirming that even low-valency repeated antigens (2–10) can be
superior compared to monovalent antigens3,51.
For both extVD1 immuno-repeat constructs (extVD1A*4 and

extVD1J*4), the B-cell epitopes were mapped to four major regions
—the VD1 (DVAGLEKD within VD1A and a broader region
AAPTTSDVAGLQNDPTTNVARP within VD1J) and three conserved
regions (C1–C3) (Fig. 2). Strong surface recognition and neutraliza-
tion were detected with sera from both constructs. Structural
reports on MOMP demonstrate accessibility of the VDs on the EB
surface. This is in contrast to the constant domains (CDs) adjacent
to the VDs that are not predicted to be displayed on the surface of
EBs and hence not accessible for antibodies11,15,22,25,26,52,53. In
support of this, competitive inhibition of neutralization with
peptides covering the four B-cell epitope regions demonstrated
that antibodies generated against the VD1 regions were
responsible for the major part of the observed neutralization of
the homologous strain (Fig. 2).
Previous studies investigating the reactivity of VD1-specific

MAbs demonstrated that cross-reactivity and neutralization of
related serovars were dependent of the ability to bind the VD1
region independently of serovar-specific amino acid residues

Table 2. Surface recognition and neutralization of C.t. serovars with
extVD1A*4 specific serum.

C.t. serovar EB specific IgG
Mean reciprocal titer
at Abs450–620 nm= 0.5

Neutralization
Median reciprocal
NT50 titer

SvA/HAR-13 151,177 11,000

SvA/2497 51,524 10,100

SvC 30,328 6400

SvH ND ND

SvI 37,835 2300

SvIa 37,538 400

SvJ 30,159 1800

SvK 15,033 2000

SvB 32 ND

SvD 96 ND

SvE 54 ND

SvF 1031 ND

SvG ND ND

ND not detectable.
Neutralization titers are the median titer of 2–4 experiments.

Fig. 5 Recognition of peptides representing the VD1 region of C.t. serovars with extVD1A*4-specific serum. A/J mice were immunized with
extVD1A*4/CAF01 (n= 20) or CAF01 alone (n= 20) using the SIM vaccination protocol. Three weeks after the 3rd vaccination, individual serum
samples were pooled (n= 20), serially diluted in triplicates, and added to peptide-coated plates representing the major part of the VD1
regions of C.t. SvA, SvC/J, SvH, SvI, SvIa, SvK, SvB, SvD, SvE, SvF, and SvG. Sequences of VD1 peptides (a). Peptide-specific IgG was analyzed by
ELISA (b). Each dot represents the mean OD value ± SD of triplicate readings at each titration step.
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within the main neutralizing region29,30. Analyzing extVD1A*4-
specific serum, we detected strong cross-binding of the VD1
regions from SvC, I, Ia, J, and the clinical isolate A/2497, lower
recognition of VD1K and VD1H, and no recognition of the VD1
regions from B/B-related complex serovars (Fig. 5). Except for SvK,
a correlation between VD1 reactivity, surface recognition, and
neutralization was demonstrated. This was confirmed with a
competitive inhibition experiment using the VD1A/HAR-13 peptide
to compete for recognition. However, for all C/C-related complex
serovars, we saw a constant level of surface recognition with
serum depleted of VD1A/HAR-13-specific antibodies and we spec-
ulate that this could be due to antibodies recognizing the
conserved regions in close proximity to the VD1 regions (Fig. 6a).
Only for SvK and SvIa, this translated into minor non-VD1-specific
contributions to neutralization. The exact understanding of this
will be the subject for further investigations.
The role of antibodies against C.t. is more than direct blocking of

infection, i.e., by neutralization. A range of other indirect effector
functions like opsonophagocytosis54, antibody-dependent comple-
ment deposition (ADCD)55,56, antibody-dependent cellular cytotoxi-
city (ADCC)42, or combinations thereof could potentially play a role.
In this study, we demonstrated an in vivo protective effect of
antibodies by preincubating C.t. SvA with extVD1A*4-specific serum
before infecting C3H/HeN mice. This led to a 1–3 log10-reduced
bacteria level at days 3 and 7 post infection compared to incubation
with control serum. Whether this in vivo effect is direct blocking of
infection, other antibody-mediated effector functions or a combina-
tion is not known. Our results are in line with other studies
translating the in vitro neutralization effect of antibodies into in vivo
protection, by passive transfer of monoclonal57,58, polyclonal
antibodies3,33,59, or by vaccination3. All have generally resulted in
reduced early bacterial shedding after a vaginal challenge in mice.
An optimal Chlamydia vaccine is composed of a combination

of broadly neutralizing B-cell epitopes and conserved T-cell
epitopes. An important role of CD4 T cells and IFN-γ has been
demonstrated in a range of animal studies3,60–65. In humans, CMI
and IFN-γ has been associated with a reduced risk of reinfec-
tion66 and HIV-infected women lacking CD4 T cells have an
increased risk of developing C.t. pelvic inflammatory disease67.
Here, we identified T-cell epitopes in extVD1A*4 in the conserved
N-terminal part of the construct, which is highly preferable in
contrast to serovar-specific T-cell epitopes. Of importance in
relation to the use of extVD1A*4 in a future human vaccine, this
region is overlapping a region described by Ortiz et al. to contain
human CD4 T-cell epitopes in C.t.-infected patients68,69.

To evaluate the protective efficacy, we established a SvA/Ia
genital infection model in A/J mice. Although C.t. SvA is designated
an ocular strain, it is well described that ocular serovars can cause
genital infections, and vice versa10,70,71. We immunized with a
combined simultaneous s.c/i.n. (SIM) vaccination strategy previously
published by Wern et al.72, a strategy that improves mucosal
immunity (IgA responses and increased B and CD4 T cells in the
genital tract)72. We detected strong IgG and IgA responses in the
genital tract and found significant protection against an i.vag.
challenge with C.t. SvA, with a median >1 log reduction in IFU at day
3 and sustained control throughout day 7 and 10 post infection.
Whether a combined mucosal and parenteral vaccination strategy is
necessary for a future vaccination protocol in humans remains
unknown. Our previous studies demonstrated a similar level of
protection of SIM and SC vaccination protocols72, probably due to
high serum IgG levels entering the genital tract in combination with
rapid recruitment of circulating Th1/Th17 cells upon challenge72,73.
In the present study, we saw a highly significant protective effect of
serum IgG, when coating the SvA EBs with extVD1A*4-specific serum
before infection and we have previously seen similar results using
VD4-specific neutralizing antibodies3 also in adoptive transfer
experiments33. In humans, IgG is the predominant secreted
isotype74. However, studies pointing to a protective role of sIgA in
humans have been published75 and similar observations were found
in the minipig model where a correlation between vaginal sIgA
correlated with accelerated clearance of C.t.76. Of significant
importance, we also demonstrated protection against i.vag.
challenge with a heterologous strain (SvIa), which strengthens the
possibility of using this construct to induce broad protection against
C/C-related complex serovars. A strong cross-neutralizing antibody
response, in combination with induction of conserved T-cell
epitopes, could be the key to the observed in vivo protection and
cross-protection against SvA/SvIa.
A limitation to the current study is the use of inbred mice in the

study of antibody responses. Although antibody responses
generally translate well across species, ongoing studies in our
lab will investigate responses in outbred species like the guinea
pig and NHP, to study if we can induce the same strength and
levels of cross-neutralizing antibodies in those species, or if a
mixture of multiple serovar-specific immuno-repeats should be
considered in a future C.t. vaccine. Nonetheless, our studies
demonstrate that if strong titers of neutralizing antibodies are
obtained by vaccination, an effect on in vivo protection can be
seen. Future perspectives are to combine the extVD1A*4 with
CTH522 in a vaccine that will strengthen both the T-cell responses

Fig. 6 Competitive inhibition of surface recognition and neutralization. A/J mice were immunized with extVD1A*4/CAF01 (n= 20) or CAF01
alone (n= 20) using the SIM vaccination protocol. ExtVD1A*4-specific serum was pooled from 20 mice, prediluted, and mixed with 1mg/ml of
VD1A/HAR-13 or 1× PBS buffer. After incubation, the mixture was added to C.t.-coated ELISA plates in duplicates and C.t.-specific IgG measured
by ELISA (a). Each bar represents the mean of duplicate readings with and without the presence of the VD1A/HAR-13 peptide. ExtVD1A*4-specific
serum was pooled from 20 mice, prediluted, and mixed with 1mg/ml of VD1A/HAR-13 or SPG buffer. After 45 min of incubation, the mixture was
further incubated 1:1 with different C.t. serovars for 45min before inoculation onto a HaK cell monolayer, incubated, fixed, and inclusions
counted (b). Bar represents % neutralization with and without the presence of the VD1A/HAR-13 peptide.

A.W. Olsen et al.

7

Published in partnership with the Sealy Institute for Vaccine Sciences npj Vaccines (2021) 58



together with a broad serovar coverage: ocular (SvA, B, and C) and
genital (SvD, E, F, G, I, Ia, J, and K) strains. Since the development of
vaccines comes with huge investments, this combined ocular/
genital vaccine could serve a dual purpose as both STI vaccine and
as a vaccine to help with the eradication of trachoma in
combination with current control strategies.

METHODS
Cultivation and harvesting of C.t.
C.t. SvA/HAR-13, SvC/TW-3, SvH/UW-43/Cx, SvI/UW-12/Ur, SvJ/UW-36/Cx,
SvK/UW-31 SvD/UW-3/Cx, SvE/Bour, SvF/IC-Cal-3, SvG/UW-57/Cx (all from
ATCC), SvIa/sotonIa3/Ia870 (from the Chlamydia Biobank), and SvA/2497
and SvB/Tunis-864 (from LSHTM) were propagated in Hela 229 cells
(ATCC® CCL-2™) or McCoy cells (ATCC® CRL-1696™) and harvested by
repeated centrifugation and sonication steps. Finally the bacterial
suspension was layered on a 30% renografin solution and centrifuged
at 40,000 × g for 30 min. After centrifugation, the pellet was resuspended
in a sucrose–phosphate–glutamate (SPG) buffer and stored at −80 °C.
Serovar typing of the bacteria was confirmed by chromosomal DNA
extraction, PCR amplification, and sequencing of the gene and flanking
regions of ompA. All C.t. serovars were tested negative for mycoplasma
(Mycoplasma laboratory SSI). IFU of the serovar batches was quantified
by titration in McCoy cells. Protein concentrations were determined by
bicinchoninic acid protein assay (BCA) (Pierce, Thermo Fisher Scientific,
Waltham, Massachusetts, US).

Antigen cloning and purification
ExtVD1A*4 and extVD1J*4 were produced as follows. Based on the MOMP
amino acid sequences (NCBI YP_328507.1 and AAC31443.1) with addition
of six N-terminal histidines, synthetic DNA constructs were codon-
optimized for expression in E. coli followed by insertion into the pJexpress
411 vector (ATUM). By IPTG, we induced expression in E. coli BL-21 (DE3)
cells transformed with the synthetic DNA constructs. Inclusion bodies were
isolated and extracts were loaded on a HisTrap column (GE Healthcare,
Chicago, Illinois, USA), followed by anion exchange chromatography on a
HiTrap Q HP column and dialysis to a 20mM glycine buffer, pH 9.2. Protein
concentrations were determined by BCA assay.

Peptide constructs and overlapping PepSets
The constructs A8-VD1A, VD1A, extVD1A, and extVD1J were produced as
synthetic peptides by GeneCust (Boynes, France) (for sequences Table 1
and Supplementary Table 1). Peptides representing C1, C2, and C3, VD1A

minimal*4, VD1J minimal*4, VD1J were produced by GeneCust. PepSets of
20–22-mer peptides with 10-aa overlap covering extVD1A and extVD1J and
20–22-mer peptides representing the VD1 regions of the different serovars
were produced by GeneCust (Supplementary Table 2 and Fig. 5a). 9-mer

(8-aa overlap) biotinylated PepSets covering extVD1A and extVD1J were
produced by Mimotopes (Mulgrave, Victoria, Australia) (Fig. 2).

Animals
Female A/J and C3H/HeN mice, 6–8 weeks of age, were obtained from
Envigo, the Netherlands. The mice were housed under standard
environmental conditions and provided standard food and water ad
libitum. Animal experiments were conducted in accordance with regula-
tions of the Danish Ministry of Justice and animal protection committees
by Danish Animal Experiments Inspectorate Permit 2013-15-2934-00978
and 2018-15-0201-01502 and in compliance with European Union
Directive 2010/63/EU. The experiments were approved by a local animal
protection committee at Statens Serum Institut, IACUC, headed by DVM
Kristin Engelhart Illigen.

Immunization
Mice received a total of three immunizations at two-week intervals either
subcutaneously (s.c.) at the base of the tail in a total volume of 200 µl or
simultaneously with the intranasal (i.n.) route in a volume of 30 µl.
Vaccination protocols were as follows: 3× s.c. (SC vaccination protocol) or
1st s.c., 2nd s.c. + i.n., and 3rd s.c.+ i.n (simultaneous (SIM) vaccination
protocol). The vaccines given by both routes consisted of 10 µg of antigen,
except for the experiment shown in Supplementary Fig. 1, where 25 µg
were used for s.c. vaccinations. For s.c. vaccinations, the antigens were
diluted in Tris-buffer (pH 7.4) and mixed by vortexing with adjuvant
consisting of 50 µg/dose of the glycolipid trehalose 6,6′-dibehenate (TDB)
incorporated into 250 µg/dose of cationic liposomes composed of
dimethyldioctadecyl-ammonium (DDA) (CAF®01). For the i.n. delivery, the
vaccines were delivered without adjuvant. In challenge experiments, the
mice were rested 6 weeks before challenge.

ELISA for antigen-specific antibodies in serum and vaginal
washes
Blood was collected after the last vaccination for quantification of vaccine-
specific antibodies by enzyme-linked immunosorbant assay (ELISA). Blood
was collected from the periorbital vein plexus or the superficial temporal
vein into Eppendorf tubes with EDTA (Plasma) or without EDTA (Serum).
For isolation of serum, the tubes were centrifuged for 10 min at 10,000 × g.
To separate plasma, samples were centrifuged for 10 min at 500 × g.
Vaginal washes were collected by flushing the vagina with 100 µl of sterile
1× PBS and samples stored at −80 °C until analysis. Before dilution, the
vaginal wash samples were treated with 25 µg/ml Bromelain (Sigma-
Aldrich). Maxisorb plates (Nunc, Roskilde, Denmark) were coated with
50 µl of recombinant antigens (1 µg/ml), peptides (10 µg/ml), or C.t.
serovars (10 µg/ml) overnight at 4 °C followed by blocking for 2 h in 1×
PBS with 2% BSA for IgG and 1× PBS with 1% skimmed milk powder and
0.05% Tween for IgA. The plasma, serum, and vaginal wash samples were

Fig. 7 Protective effect of extVD1A*4/CAF01 induced immune responses against SvIa challenge. A/J mice were immunized with
extVD1A*4/CAF01 (n= 8) or CAF01 alone (n= 9) using the SIM vaccination protocol. Six weeks post last vaccination, the mice were challenged
i.vag. with 1 × 106 IFU of SvIa/mouse. Data are presented as log10 IFU. Each line represents the median number of IFU with 25th and 75th
percentiles recovered from vaginal swabs at days 3, 7, and 10 post infection. A Mann–Whitney test was used for comparison among groups.
***p < 0.001.
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serially diluted in 1× PBS with 1% BSA for IgG or 1× PBS with 1% skimmed
milk powder and 0.05% Tween for IgA before being added to coated
microtiter plates. After washing, HRP-conjugated rabbit anti-mouse IgG
(Invitrogen #61-6520), HRP-conjugated goat anti-mouse IgG1 (Southern
Biotech #1070-05), HRP-conjugated rabbit anti-mouse IgG2a (Life
Technologies #610220), HRP-conjugated goat anti-mouse IgG2b (Invitro-
gen #M32407), or biotinylated goat anti-mouse IgA (Southern Biotech
#1040-08) was added. After 1 h of incubation, the IgA plates were added
Streptavidin-HRP (BD Biosciences # 554066). For all isotypes/subtypes,
antigen-specific antibodies were detected using TMB-PLUS (Kem-En-TEC,
Taastrup, Denmark). The reaction was stopped with H2SO4 and OD
(450–620 nm) was read using an ELISA reader. The results were presented
either as titration curves, as absorbance (Abs) at one dilution, or serum
titers were reported as the reciprocal of the dilution giving an Abs= 0.5
after subtraction of control serum.
Reactivity against 9-mer overlapping biotinylated Pepsets was investi-

gated by ELISA. Plates were coated with streptavidin, incubated with
biotinylated peptides, blocked with skimmed milk powder, washed, and
then followed the ELISA procedure described above.

C.t.-specific cellular responses
Splenocytes were isolated from four mice/group 3 weeks post last
vaccination, and single-cell suspensions were prepared in RPMI 1640
(Gibco) supplemented with 1% (vol/vol) L-glutamine, 1% nonessential
amino acids, 1% sodium pyruvate, 50 µM 2-mercaptoethanol, 1%
penicillin–streptomycin, 1% HEPES, and 10% heat-inactivated fetal bovine
serum (Biowest, WWR) from pools of 4 mice/group. Cultures were
adjusted to 2 × 105 cells/well and stimulated in triplicates with peptides
spanning the extVD1 region of C.t. SvA or SvJ at a final concentration of
5 µg/ml. Concanavalin A (Con A) was included as a T-cell mitogen for cell
viability. After 72 h of incubation, the culture supernatants were
harvested, and the amounts of secreted IFN-γ were determined by ELISA.
Maxisorb plates (Nunc) were coated with monoclonal rat anti-mouse IFN-γ
(BD Pharmingen, #551216) overnight at 4 °C. Plates were blocked with 1×
PBS/2% skimmed milk powder. Culture supernatants were diluted in 1×
PBS/2%BSA and tested in triplicates. rIFN-γ (BD Pharmingen recombinant
Mouse IFN-γ #554587) was used as standard. After 2 h of incubation at
room temperature, IFN-γ was detected by biotin-labeled rat anti-mouse
IFN-γ (BD Pharmingen #554410) followed by Streptavidin-HRP both
diluted in 1× PBS/1%BSA. IFN-γ was detected using TMB-PLUS (Kem-En-
TEC), the reaction was stopped with H2SO4, and OD (450–620 nm) was
read using an ELISA reader.

Neutralization assay
In vitro neutralization assay. Hamster kidney cells (HaK) (ATCC® CCL-15)
were maintained in RPMI 1640 supplemented with 1% (vol/vol) L-glutamine,
1% nonessential amino acids, 1% sodium pyruvate, 70 µM 2-mercaptoetha-
nol, 10 µg/ml gentamicin, 1% HEPES, and 5% heat-inactivated fetal bovine
serum at 37 °C, 5% CO2. Cells were grown to confluence in 96-well flat-
bottom microtiter plates (Costar, Corning, NY, USA). The different C.t. stocks
were diluted to a predetermined concentration in SPG buffer and mixed with
heat-inactivated (56 °C for 30min) and serially diluted serum. The mixture
was incubated for 45min at 37 °C and inoculated onto HaK cells in
duplicates. After 2 h of incubation at 36 °C on a rocking table, the cells were
washed once with RPMI 1640 and further incubated 24 h at 37 °C, 5% CO2 in
culture media containing 0.5% glucose and cycloheximide (1 µg/ml). The
cells were fixed with 96% ethanol and inclusions were visualized by staining
with polyclonal rabbit anti-rCT043 serum (produced in our lab), followed by
Alexa 488-conjugated goat anti-rabbit immunoglobulin (1:500–1:1000)
(Invitrogen #A11008). Cell staining was done with Propidium Iodide
(Invitrogen). IFU was enumerated by fluorescence microscopy using an
automated cell imaging system (ImageXpress Pico automated Cell imaging
system (Molecular Devices, San Jose, California, USA)) counting 25% of each
well or by manual counting. The results were calculated as percentage
reduction in mean IFU relative to control serum. A serum dilution giving a
50% or greater reduction in IFU relative to the control was defined as
neutralizing. The serum dilution giving a 50% reduction in IFU was named
reciprocal 50% neutralization titer (NT50).

In vivo neutralization. C.t. SvA was incubated with heat-inactivated and
sterile-filtered 32 times diluted serum from extVD1A*4/CAF01 s.c.-
vaccinated A/J mice or serum from adjuvant control mice. After 30 min
at 37 °C, depo-provera-treated C3H/HeN mice were infected with 10 µl of

the inoculum (a total of 1 × 106 IFU/mouse), swabbed at days 3 and 7
post infection, and IFU was determined as described in “Vaginal
challenge and cultures”.

Competitive inhibition of surface recognition and
neutralization
In the competitive inhibition of surface recognition assay, extVD1A*4-
specific and control serum (pool of sera from 20 mice) were
preincubated for 45 min at 37 °C with 1 mg/ml of the VD1A/HAR-13

peptide diluted in 1× PBS or 1× PBS alone. Depending on the serovar
being tested, predetermined dilutions of the extVD1A*4-specific serum
were used to ensure a response within the linear range of the titration
curve (SvI/J: 7000×, SvC/Ia: 5000×, and SvK: 2500×). After incubation, the
mixture was added to C.t.-coated ELISA plates in duplicates and C.t.-
specific IgG measured by ELISA as described in “ELISA for antigen-
specific antibodies in serum and vaginal washes”.
In the competitive inhibition of neutralization assay, extVD1A*4-specific

serum, extVD1J*4-specific serum, and control serum (pool of sera from
20 mice) were preincubated for 45min at 37 °C with 1mg/ml of peptides
(C1, C2, C3, VD1Aminimal*4, VD1A, extVD1A, VD1Jminimal*4, and VD1J or
extVD1J) diluted in SPG buffer or SPG buffer alone prior to 45min of
incubation at 37 °C with the different C.t. serovars. Depending on the
serovar being tested, predetermined dilutions of the extVD1A*4-specific
serum were used when mixed with the VD1A/HAR-13 peptide to ensure
between 80 and 100% neutralization in the control wells (SvA/2497:1500×,
SvC:500×, SvI:250×, SvJ/K:200×, and SvIa:50×). The extVD1J*4-specific
serum was prediluted 200 times when mixed with peptides. The mixtures
were inoculated onto a HaK cell monolayer in duplicates. After 2 h of
incubation at 36 °C on a rocking table, the cells were washed once with
RPMI 1640 and further incubated for 24 h at 37 °C, 5% CO2, as described
previously. Inclusions were fixed, stained, and counted, and percent
neutralization was calculated as described in “Neutralization assay”.

Vaginal challenge and cultures
Ten and three days before C.t. SvA or SvIa challenge, the oestrous cycle was
synchronized by injection of 2.5mg of medroxyprogesteronacetat (Depo-
Provera, Pfizer, Ballerup, Denmark), increasing mouse susceptibility to
chlamydial infection by prolonging dioestrus. The mice were challenged
i.vag. with 1 × 106 C.t. SvA/HAR-13 or SvIa in 10 µl of SPG buffer. At different
time points post infection (PID3, 7, 10, 14, and 17), the mice were swabbed.
Swabs were vortexed with glass beads in 0.6ml of SPG buffer and stored at
–80 °C until analysis. The infectious load was assessed by infecting 48-plate
wells seeded with McCoy cells with the swab material undiluted and twofold
diluted. Inclusions were visualized by staining with polyclonal rabbit anti-
MOMP serum made in our lab, followed by an Alexa 488-conjugated goat
anti-rabbit immunoglobulin (1:500–1:1000, Invitrogen #A11008). Background
staining was done with Propidium iodide (Invitrogen). IFU was enumerated
by fluorescence microscopy either manually or by using an automated cell
imaging system (ImageXpress Pico automated Cell imaging system)
(Molecular Devices) counting 50% of each well. If no IFU were detected in
the counted area, 100% of each well was counted manually. Culture-negative
mice were assigned the limit of detection of 4 IFU/mouse representing one
IFU in the tested swab material (1/4 of the total swab material).

Statistical analysis
GraphPad Prism 8.3.0 was used for data handling, analysis, and graphic
representation. Statistical analysis of vaginal wash samples and log10 IFU
was performed using the Mann–Whitney test or Kruskal–Wallis (one-way
ANOVA) followed by Dunn’s multiple-comparison test. Statistical analysis
of the AUC data was done by the Mann–Whitney test. A p value of < 0.05
was considered significant.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.
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